METHODS

Measurements
of body temperatures were carried out in five homing pigeons in free flight using lO,OOOohm Veto 4lA5 thermistors previously implanted subcutaneously and in the thorax near the heart. The location of the subcutaneous thermistor was over the mass of pectoral muscles either underneath the wing or below the leading edge in the resting position (Fig. 1) . The location of the thoracic thermistor ( Fig. 1 ) was medial and anterior to the heart as described by Roy and Hart (9). The thermistors were coated with epoxy cement and the wires were exteriorized at the back of the neck. Before and after each flight the receiving and transmitting equipment was calibrated with known resistances, but the thermistor resistance in some cases was found to change after being in the birds for several weeks by amounts which changed the calibration by up to 0.8 C. Fortunately, both subcutaneous and thoracic thermistors changed by approximately the same direction and amount so that corrections could be applied, but the reliability of measurements of absolute temperature between individual birds is considered to be less (~tO.3 C) than that for change of temperature (+O. 1 C) during a test.
In tests on three birds, heat-flow disks (HatfieldTurner), 1 cm in diameter were implanted subcutane-ously over the pectoral muscles in a location below the wing edge in the resting position (Fig. 1) . tested without wind and at a wind speed of 35 mph at four different angles of tilt. The thermode was a hollow brass cylinder 3 inches in diameter and 1 inch thick, kept at approximately 42 C by circulation of water from a temperature-controlled bath. This was mounted in the wind tunnel in such a way that its axis was perpendicular to the direction of air flow and could be rotated from the horizontal position to a tilt of 60' or more, so that the wind was blowing onto the feather surface. The heatflow device was a 2-inch diameter disk (National Instruments Lab. Inc.) mounted between the thermode and skin, with the skin cemented to its surface and surrounding the thermode.
Copper-constantan thermocouples were placed under the skin, on the surface of the feathers, and 1 inch above the surface in the air stream. The heat-flow disk was previously calibrated and tested with felt and other materials of known heat conductivity.
RESULTS
Body temperature variations. In order to compare body temperatures in different parts of the pigeons and to compare telemetric data with those obtained by thermocouples, a series of tests were carried out on pigeons with previously implanted thermocouples located in the thoracic area and subcutaneous area over the pectoral muscles. The birds were then placed in a dark box and readings taben after thermal stability was reached. Immediately after the conclusion of each of these tests the pigeon was quickly removed from the box and the cloaca1 temperature was measured by a thermocouple. The results obtained on resting birds are compared with those obtained in other birds at rest by telemetry in Table 1 .
There were no significant differences between data obtained by telemetry and by thermocouples on the resting birds: thoracic temperatures averaged 0.8 C higher than subcutaneous temperatures with both methods while cloaca1 temperature was slightly lower than the thoracic temperature.
A series of tests were made on five homing pigeons flying for periods ranging from 30 set to over 11 min. The body temperature changes were dependent upon the length of the flight and showed marked differences between birds and even between tests on the same bird.
Temperature responses in four different birds are shown in Fig. 2 .
The top two sections show data for two relatively short flights with a rise in both thoracic and subcutaneous temperatures in A and a fall of subcutaneous temperature in B. At the conclusion of the flight there was a marked rise in subcutaneous temperature in both birds, which in A reached or exceeded the cardiac temperatures before declining.
Thermal balance seemed to be reached between 1.5-2.0 min flying in these birds.
The third section (C) shows the longest flight with a gradual rise in both subcutaneous and thoracic temperature and establishment of relatively steady temperatures after about 3 min. The rise in deep body temperature exceeded 2 C in this instance, and there were several thermal irregularities of unknown origin during flight. For example, a sudden rise and fall in subcutaneous temperature occurred at 6.5 min with a rise in thoracic temperature at 7 min. The data in section D showed a prolonged rise in thoracic temperature and a fall in subcutaneous temperature with reversal of this trend after landing. The fall in subcutaneous temperature occurred in other birds but it was seen only at relatively low air temperatures as shown for B and D. Often the fall was transitory.
The changes in temperature resulted in a marked increase in the thermal gradient from rest to flight.
The air temperatures during the flights varied over At low air temperatures subcutaneous temperatures during flight tended to fall below resting levels and to rise above resting levels at ambient temperatures above 10-l 5 C (Fig.  3) . The greatest rise occurred at high air temperatures. At any one air temperature there were large variations associated with the length of the flight, position of the thermistors, and various unknown factors. No correlation was observed between rise in deep body temperature and air temperature.
The body-temperature responses and number of flights of each of the five birds are shown in Table 2 . These are grouped according to the length of the flight and show the average temperature and the thoracic to subcutaneous difference at the beginning (rest) and end of the flight period. The bird averages at the bottom of Table 2 are grouped for flights under and over 2 min, since it required approximately 2 rnin to reach a thermal balance. In Table 3 the data are averaged by giving each test equal weight in order to show the statistical variability of the temperatures obtained. On the average, thoracic temperatures increased by 0.9 C compared to 0.6 C for subcutaneous temperatures during flights under 2 min and by 2.0 C and 1.1 C, respectively, in flights over 2 min. Also there were no differences in the average gradient between thoracic and subcutaneous temperatures in short flights, but there were substantial differences in long flights. It should be noted that gradients between thoracic and subcutaneous areas usually increased or did not change during flight, but in tests on short flights in bird 27 the trend was reversed with no apparent difference between the two temperatures at the end of flight. The differences between temperature patterns in short and long flights can be associated with the higher temperatures attained after thermal balance was reached compared to the prebalance period prior to 2 min flying. They are also strongly influenced by air temperature interaction, since it turned out that more short flights were carried out at low temperatures and more long flights at high air temperatures.
This influenced the 0. (Fig. 4) . The time for maximum increase in heat flow was thus considerably shorter than the time for maximum body temperature rise in flight. At the termination of the flights, heat flow declined towards the resting level, but the speed at which this occurred varied greatly as indicated. On several occasions heat flow was found to vary considerably in nonflying birds depending on their state of activity.
A record for one pigeon shows marked fluctuations associated with activity and the presence of other birds. When the others were removed this pigeon became quiet and the heat flow declined. Heat flow data for 13 flights on the three pigeons are shown in Table 4 . It can be seen that the maximum heat flow attained after about 50 set of flight was generally slightly higher than the average, owing to the above noted tendency to fall observed in most birds. The maxi- ma1 increase in heat flow during flight averaged approximately 6 times, 6.7 times, and 6 times the resting levels in birds 28, 29 and 30, respectively. No correlations were noted with external temperature.
The resting levels in all these tests were taken when the birds were quiet after being separated from the other birds.
The effect of exposure to cold (-40 C) on heat flow was determined in one bird after determinations had been made at 25 C. The heat flow in this test increased from 6 cal/cm2hr+
at 25 C to a maximum of 14 cal/ cm*hr+ after 75 min at -40 C.
Air Lflow and heat conductivity. When the surface temperature of the feathers was measured without forced convection it averaged 5.7 C above ambient with a gradient of 12.4 C across the feathers. In a wind at 3,400 ft/min, the surface temperature fell to less than 0.5 C (avg 0.2 C) above ambient temperature with a gradient of 16.7 C across the feathers. Under these conditions the heat flow increased from 4.4 cal/cm*hr+ in "still air" to 6.7 call cm?hr+ in the wind (Fig. 5) . This was increased further to 8.5 cal/cm*hr+ as the direction of the air flow relative to the surface was increased from horizontal to nearly 60'. The heat conductivity showed an increase parallel to the changes in heat flow. It should be noted that the heat flow and conductivity in the wind tunnel at air speeds comparable to those in flight were only a small fraction of those observed in flying birds. However, in birds at rest, the heat flow was very similar to that seen in the model.
The heat flow measured on the pigeon exposed to 25 C and -40 C is also shown in Fig. 5 for comparison with the wind tunnel data. The increase in heat flow resulting from exposure to cold was greater than the increase resulting from the effects of wind. It is apparent that the heat conductivitv of undisturbed pigeon feathers is . relatively independent of air speed. Measurements of local heat flow over the breast muscles indicated a six-to sevenfold increase over resting levels during flight. This is of the same order of magnitude as the increase in heat production calculated from DJ *O measurements by Lefebvre (6). These results confirm our previous conclusions (4) on the importance of convective heat transfer during flight and suggest that the entire body surface and not just the wings may be important in this respect. It is unfortunate that we were not able to investigate the special role of the wings, which may be quantitatively more important than other areas of body with respect to heat loss during flight.
It was not possible in these tests to measure body temperature and heat loss in the same birds. However, from the average temperature difference across the feathers and the average heat flow in flight it is possible to estimate the level of conductance during flight very approximately.
At an air temperature of 25 C and subcutaneous temperature of 43.5 C ( (Table 4) .)
In contrast, tests using a physical model in a wind tunnel showed that the maximal conductivity of the feathers in a wind was only about 0.5 cal/cm2hr+ C-l, less than a third of that estimated to occur in flight. Comparing the physical model with a flying bird in another way, namely on the basis of heat flow, it can be seen that this increases by a factor of about two with maximum tilt in the wind tunnel while the heat flow in flight increases by a factor of about six. Even in nonflying birds, ordinary activity in the pens increased the heat flow to a greater extent than seen in the wind tunnel.
Making allowances for all the errors in making the J-S. HART AND 0. Z. ROY measurements, it appears that there is a substantial an active process whereby the bird is able to greatly discrepancy between the heat flow and conductivitv of the physical model and that seen in the flying birds.
increase the heat loss through the feathers. It may thus be possible for the bird to permit some passage of air Part of the discrepancy is undoubtedly associated with through the feathers thus considerably reducing their changes in heat storage during the first part of the flight insulation during flight. Otherwise it would not be in which there was a tendency for heat flow to rise possible to account for the removal of the extra heat initially and to then fall to a lower level. However, even transferred by the circulation of blood to the skin surface. after attainment of thermal balance in approximately Heat loss may therefore not be limited by the potential 1.5 min the heat flow was usually five to six times the independence of feather heat loss on wind speed as resting level. It is therefore suggested from these data Zeuthen (11) assumed but actively regulated according ' that regulation of heat loss during flight takes place by to metabolic needs.
